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,QWURGXFWLRQ
,Q UHFHQW \HDUV WKH FRQFHSW RI D QHZ HOHFWULFDO SRZHU VXSSO\ QHWZRUN LH PLFUR JULG KDV EHHQ SURSRVHG
0LFURJULGLVDVPDOOQHWZRUNFRPSULVLQJRIYDULRXV'LVWULEXWHG*HQHUDWRUV'*VDQGORFDOORDGV,QJHQHUDO WZR





LV UHODWLYHO\ KLJK )XUWKHUPRUH LW LV H[SHFWHG WKDW PRUH UHQHZDEOH HQHUJ\ JHQHUDWLRQ ZLOO EH LQWURGXFHG WR WKH





DV DYLDEOH VROXWLRQ >@7KHVHQHZDSSOLDQFHVKDYH HQHUJ\ VWRUDJHV VXFK DVEDWWHU\RUKRWZDWHU WDQNV LQ WKHLU
VWUXFWXUHV7KH\DUHFRQVLGHUHGDVFRQWUROODEOHORDGVGXHWRWKHFRQVXPSWLRQRISRZHUFKDQJLQJGXULQJWKHSURFHVV
RIFKDUJLQJDQGGLVFKDUJLQJSHULRGRIWKH%DWWHU\%7RUZDWHUKHDWLQJVRORQJDVWKHSURFHVVRIKHDWLQJRUFKDUJLQJ
LVFRPSOHWHGZKHQHYHU WKHFXVWRPHUZRXOGOLNHWRXVHWKHP7KRVHQHZFRQWUROODEOH ORDGVDUH LQIDFWFRRSHUDWLQJ
ZLWK 7XUELQHV 7% DQG *RYHUQRUV *29 RI WKH JHQHUDWLQJ SODQWV 1HYHUWKHOHVV YDULRXV V\VWHP RSHUDWLQJ




,Q WKLV SDSHU &'0 FRQWUROOHU LV FRQQHFWHG LQ SDUDOOHO ZLWK WUDGLWLRQDO FRQWUROOHU DQG WKH GHVLJQ RI &'0
FRQWUROOHURIVPDUWSRZHUV\VWHPXWLOL]LQJ9*IRUWKH/)&KDVEHHQSUHVHQWHG7KH&'0SRO\QRPLDOVSDUDPHWHUV
KDYHEHHQGHVLJQHGEDVHGRQWKHVPDUWSRZHUV\VWHPG\QDPLFPRGHO7KH&'0WHFKQLTXHODZSURGXFHVLWVRSWLPDO








RI GLIIHUHQW VWXGLHG FDVHV RI SURSRVHG FRQWUROOHU ZLWK DQ LVRODWHG VPDOO SRZHU V\VWHP XQGHU YDULRXV RSHUDWLQJ
FRQGLWLRQV)LQDOO\VSHFLILFFRQFOXVLRQVDUHSUHVHQWHGLQ6HFWLRQ
6PDUW0LFURJULG6\VWHP
2.1. Control Strategy Structure 
/)&KDVEHHQFDUULHGRXWWREDODQFHJHQHUDWLRQDQGGHPDQG7KHWUDGLWLRQDO3,FRQWUROOHUDWWKHPDLQJHQHUDWLRQ
LV FRQQHFWHG LQ SDUDOOHOZLWK WKH UREXVW &'0 FRQWUROOHU 7KH&'0SRO\QRPLDOV SDUDPHWHUV KDYH EHHQ GHVLJQHG
EDVHGRQ WKHSRZHU V\VWHPG\QDPLFPRGHO7KH&'0WHFKQLTXH ODZSURGXFHV LWVRSWLPDORXWSXWGHULYHG IURPD
TXDGUDWLFFRVWIXQFWLRQPLQLPL]DWLRQEDVHGRQWKHVPDUWSRZHUV\VWHPG\QDPLFPRGHO7KH/)&VLJQDODFKLHYHGWR
VDWLVI\WKHZKROHV\VWHPHOHPHQWVWRJXDUDQWHHWKHSDUWLFLSDWLRQRI9*LQWKHFRQWUROVWUDWHJ\DVVKRZQLQ)LJ
2.2. Microgrid Model 
0LFURJULGV\VWHPPRGHOFRQVLVWVRIORDGVJDVHQJLQH39:LQG7XUELQH:7DQGVWRUDJHV\VWHPVZKHUHDVWKH
JDV HQJLQH LV WKH PDLQ V\VWHP JHQHUDWRU DQG LWV FRQWURO EDVHG RQ /)& DQG *RYHUQRU )UHH *) FRQWURO DIWHU








2.3. Power Fluctuation of RES and Load 
7KHQHWZRUNFRQILJXUDWLRQLVQRWGHWDLOHGDQGDOOORDGVDUHDJJUHJDWHGWRRQHORDG)LJDVKRZVVXFKPRGHO
ZKLFKLVGHILQHGLQ>@LQZKLFKVWDQGDUGGHYLDWLRQ>0:@LVDVVXPHGE\
loadload P U 
2ULJLQDOUDQGRPIOXFWXDWLRQLVJHQHUDWHGIURPZKLWHQRLVHEORFN,W LVPXOWLSOLHGE\EDVHORDGFDSDFLW\DQGWKH
VWDQGDUG GHYLDWLRQ WR FDOFXODWH RXWSXW IOXFWXDWLRQ RQ WKHPRGHO *HQHUDWLRQ RI VRODU SRZHU DQG ZLQG >@ LV
UHSUHVHQWHGLQWKHVDPHPDQQHUZKHUHWKHLUSRZHURXWSXWVDUH0:DQG0:UHVSHFWLYHO\)LJEVKRZVWKH
SDWWHUQRIORDGIOXFWXDWLRQUHSUHVHQWLQJUDQGRPFKDQJHVLQWKHFRQVXPSWLRQRIHQHUJ\$VIRUWKHLQVWDOODWLRQVLWHRI
ZLQGDQGVRODUSRZHU LW LVDVVXPHGWKDWVRODUV\VWHPVDQGZLQGWXUELQHVDUHZLGHO\GLVSHUVHGLQ WKHDUHD,Q WKLV
FDVHGXHWRWKHHIIHFWRIVPRRWKLQJWKHPD[LPXPRXWSXWIOXFWXDWLRQRYHUDPLQXWHLQWHUYDOLVDERXWRIWKH




2.4. V2G Model 






























WDNLQJ D WUDGHRII EHWZHHQ WKH YHKLFOH HIIHFW DQG WKH GHYLDWLRQ UDQJH RI EDWWHU\ 6WDWH RI &KDUJH 62& LQWR

















































7KH FRQWURO RI 9* LV VLPLODU WR EDWWHULHV LQ WKH QHWZRUN EHFDXVH WKH 9* EDWWHULHV ZLWK WZRZD\ SRZHU
FRQYHUWHUV FDQ EH FKDUJHG DQG GLVFKDUJHG FRUUHVSRQGLQJ WR WKH VLJQDO RI /)& >@ 7KHPRGHO LQ WKLV UHVHDUFK
GHSHQGVRQFKDUJLQJDQGGLVFKDUJLQJFRQFHSWEHWZHHQWKHVWRUDJHV\VWHPVRIWKH9*ZLWKLQWKH62&RIWR
DQGWKHSRZHUV\VWHPVRDVWRVKDUHWKHRSHUDWLRQDQGFRQWURORISRZHUV\VWHP9*GLVFKDUJHVDFFRUGLQJWR
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WKHVLJQDORI/)&ZLWKLQ WKH62&DQG LQFKDUJLQJVWDWH LWGRHVQRWJLYHUHVSRQVH ,Q WKHGHVLJQDWHGV\VWHP
RI WKH9* LV FKDUDFWHUL]HGDV FRQWUROODEOHFDVHDQG LW FDQEHGLVFKDUJHGZLWK/)&VLJQDO7KHUHIRUH9*
PDGHWRFKDUJHRUGLVFKDUJHZLWKLQWKHWR62&UDQJHGHSHQGLQJRQWKHN:KFDSDFLW\,WLVVXSSRVHGWKDWD
&RQWUROOHG/RDG'LVSDWFK&HQWHU &/'&JLYHVDFRQWURO VLJQDO WR9*DQG WDNHV WKHGDWD LQIRUPDWLRQ IURP WKH
9*WKURXJK/)&VLJQDO:LWKLQWKHUDQJH62&RIWKH9*WKHXVHUVFDQSOXJLQRXWDQ\WLPHWKH\OLNHDQG
VKRXOG VWRUH WKH VXIILFLHQW HQHUJ\ ZKHQ SOXJRXW IRU WKH QH[W WULS ,W LV DVVXPHG WKDW  WKRXVDQG 9* DUH
SHQHWUDWLQJ WKHGHVLJQDWHGDUHD$OVR LW LVSUHVXPHG WKDW WKHVWDWHRIFKDUJH 62&RIHDFKXQLW LV V\QFKURQL]HG
9*VUHSUHVHQWHGDKXJHEDWWHU\DUHLQWURGXFHGLQIUHTXHQF\FRQWURO7KHGLVFKDUJHDQGFKDUJHSRZHURIWKH9*V
DUH OLPLWHG E\ WKH TXDQWLW\ RI 9* DQG 62& 7KH 9* SRZHU FDSDFLW\ LV OLPLWHG E\ WKH LQYHUWHU FDSDFLW\ DQG
GHWHUPLQHGE\WKHHTXDWLRQ>@
 kWGVkW CNGV u 
:KHUHNVGLVWKHQXPEHURI9*DQGCkWLVWKHLQYHUWHUFDSDFLW\)LJVKRZVWKH9*PRGHODQG7DEOH



























































 '  
:KHUH PVWPGVll PPPPP  c'  





































































WKH ORJDULWKPLF YHUWLFDO D[LV VWDELOLW\ LQGLFHV Ȗi DQG HTXLYDOHQW WLPH FRQVWDQW ĲZKHUHDV WKH RUGHU YDOXHV RI i 




:KHUH Ns As Ds Bs DQG Fs DUH QXPHUDWRU SRO\QRPLDO IRUZDUG GHQRPLQDWRU SRO\QRPLDO SODQW 7)
GHQRPLQDWRU SRO\QRPLDO QXPHUDWRU SRO\QRPLDOV IHHGEDFN DQG UHIHUHQFH QXPHUDWRU UHVSHFWLYHO\ 7KHUH DUH WZR
QXPHUDWRUVLQWKHFRQWUROOHU7)RI&'0WKH\LPSO\WKHV\VWHPVWUXFWXUHRI'2),QWKLVVFKHPHdLVWKHH[WHUQDO
GLVWXUEDQFHVLJQDORIWKHGLVWXUEDQFHrLVFRQVLGHUHGWKHUHIHUHQFHVLJQDOWRWKHV\VWHPuLVWKHFRQWUROVLJQDODQGy 



















































WKHHTXLYDOHQW WLPHFRQVWDQW Ĳ :KLFKFDOFXODWH WKH VSHHG UHVSRQVHRI WKHFORVHG ORRS WKH VWDELOLW\ LQGLFHV Ȗi
WKDWJLYH WKH VWDELOLW\ DQG WKH IRUPRI WKH WLPH UHVSRQVH DQG WKH VWDELOLW\ OLPLWV Ȗi7KH UHODWLRQVEHWZHHQDOO
WKHVHSDUDPHWHUVDQGWKHFKDUDFWHULVWLFFRHIILFLHQWVaiFDQEHGHILQHGDVIROORZV













































































sPsF s  
7KH WLPH FRQVWDQW RI WKH&'0 FRQWUROOHU FDQ EH WDNHQ DV  VHF$OVR IURP  WKH IROORZLQJ HTXDWLRQ FDQ EH
REWDLQHG

DUJ  sssssP ett  
7KHVWDELOLW\LQGLFHVȖiKDYHEHHQFKRVHQDV
> @ > @ f    JJJ ii 
$QGWKHVWDELOLW\OLPLWVɀȗDUH
> @ > @   iiJ 
$QGFKRRVLQJͲൌͳWKHQ
 ssBi  DQG
 ssAi  
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/)&6\VWHP0RGHO
7KHPDLQSXUSRVHRIWKH/)&V\VWHPLVWRDGMXVWWKHUHIHUHQFHORDGSRLQWVRIWKHJRYHUQRUVRIVHOHFWHGXQLWVLQ
WKH FRQWURO DUHD&RQVHTXHQWO\ WKHPHFKDQLFDO SRZHUZLOO EH DGMXVWHGGHSHQGLQJRQ WKHVH ORDG UHIHUHQFHSRLQWV
7KHVHPHDVXUHPHQWV DUHXVHG WR UHFWLI\ WKH$UHD5HTXLUHPHQW $5ZKLFK WKHPDLQ FRQWURO VLJQDO LV VHQW WR WKH
JHQHUDWRUVSUHSDUHGZLWKWKH/)&%\SDVVLQJWKH$5VLJQDOWKURXJKDQWLUHVHWHQGLQJFRQWUROOHUWKHUHIHUHQFH/)&




















WKH FXUUHQW XWLOLW\ FRQWURO V\VWHP7KHUH LV D SRVVLELOLW\ WKDW WKH FRQWURO LQ IUHTXHQF\EHFRPHV EHWWHUZLWK D QHZ
FRQWUROOHU WKDQZLWK WKHRQO\3,FRQWUROOHU+RZHYHU WKH WDUJHWRI WKLVVWXG\ LVQRW WRGHVLJQDQHZFRQWUROOHU IRU
JHQHUDWLQJ WKH /)& VLJQDO IRU GDPSLQJ WKH IUHTXHQF\ RVFLOODWLRQ E\ XWLOL]LQJ QHZ /)& UHVRXUFHV VXFK DV 9*
)LUVWO\WKH/)&VLJQDOLVVHQWWRWKH9*ZKLFKKDVDKLJKHUUHVSRQVHVSHHGDPRQJRWKHUUHVRXUFHV6HFRQGO\WKH




6.1. Robustness against parameters variation 
3RZHU V\VWHP SDUDPHWHUV DUH FRQVWDQWO\ FKDQJLQJ DQG WKLVPD\ GHJUDGH WKH FORVHGORRS V\VWHP SHUIRUPDQFH
VHULRXVO\ $V LQGLFDWHG LQ WKH SUHYLRXV VHFWLRQV WKH PDLQ DGYDQWDJHV RI WKH LQWHOOLJHQW FRQWURO PHWKRGV DUH
UREXVWQHVV DJDLQVW HQYLURQPHQWDO DQG G\QDPLFDO FKDQJHV )RU VKRZLQJ WKH DGDSWLYH SURSHUW\ RI WKH SURSRVHG
PHWKRGRIFRQWUROOHUWKHPDLQV\VWHPSDUDPHWHUVLQWKHIUHTXHQF\UHVSRQVHPRGHOLHDGDPSLQJFRHIILFLHQWM 






3DUDPHWHU 9DULDWLRQ 3DUDPHWHU 9DULDWLRQ
D  7J 
M  Tt 
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/)&V\VWHP LV UREXVWDJDLQVW WKH V\VWHPGLVWXUEDQFHDQGKDVDSSURSULDWHSHUIRUPDQFHFRPSDULQJZLWK WUDGLWLRQDO
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